Near equipartition magnetic fields are predicted by gamma ray bursters models and astronomical observations, in general associated with shocks or regions with colliding streams of particles. These scenarios require the conversion of kinetic energy in the outgoing plasma shells into B-fields. How the magnetic fields are generated and how particles are accelerated is still an open question, that can only be definitely addressed via fully kinetic three-dimensional ͑3D͒ numerical simulations. These shocks are collisionless because dissipation is dominated by wave-particle interactions, i.e., it is accomplished by particle scattering in turbulent electromagnetic fields generated at the shock front, or equivalently the mean free path is much longer than the shock front thickness ͑a few collisionless skin depths or a few Larmor radii, in magnetized plasmas͒. Plasma instabilities driven by streaming particles, such as the Weibel instability, are responsible for the excitation of these turbulent electromagnetic fields. Three-dimensional fully kinetic electromagnetic relativistic particle-in-cell simulations for the collision of two interpenetrating plasma shells were performed using the code OSIRIS ͓Fonseca et al., Lect. Notes Comput. Sci. 2331, 342 ͑2002͔͒, showing ͑i͒ the generation of long-lived near-equipartition quasistatic ͑electro͒magnetic fields, ͑ii͒ nonthermal particle acceleration, and ͑iii͒ short-scale to long-scale B-field evolution. These results may be important to understand magnetic field generation and particle acceleration in relativistic collisionless shock fronts, in gamma ray bursters, pulsar winds, and radio supernovae, and open the way to the full 3D kinetic modeling of relativistic shocks.
I. INTRODUCTION
Several violent astrophysical phenomena, such as gamma-ray bursts ͑GRBs͒, supernova explosions, pulsar wind outflows and knots in relativistic jets are believed to be strong sources of synchrotron radiation and cosmic rays, indicating the presence of equipartition magnetic fields and strong particle acceleration. In general, these conditions are associated with shocks or regions with colliding streams of particles. GRBs are believed to be produced in the fireballs of very energetic explosions when a large amount of energy, Eϳ10 51 -10 54 erg is released over a few seconds in a small volume.
1,2 Such fireballs consist primarily of electronpositron pairs and radiation, together with small amounts of baryonic mass, M ӶE/c 2 . These phenomena are characterized by the production of short intense bursts of a few MeV ␥ rays, with an x-ray to infrared afterglow non-thermal spectrum, and have a duration of 10 Ϫ1 -10 2 s. GRBs involve three stages: ͑i͒ the central GRB engine will produce a relativistic outflow, ͑ii͒ this energy is relativistically transferred from the source to optically thin regions, and ͑iii͒ the relativistic ejecta is slowed down and the shocks that form convert the kinetic energy to internal energy of accelerated particles, which in turn emit the observed ␥ rays. The relativistic shocks that arise in these scenarios can be formed internally as faster plasma shells catch up with slower ones and collide and also externally as the ejected relativistic matter interacts with the interstellar medium, producing the high energy spectra and the optical afterglow. 1, 2 The actual mechanisms behind magnetic field generation and particle acceleration, as well as the lifespan of these magnetic field are still unknown issues, which can only be definitively addressed through three-dimensional fully kinetic numerical simulations. Most astrophysical shocks are collisionless because energy dissipation is dominated by wave-particle interactions ͑i.e., particle scattering in turbulent electromagnetic fields generated at the shock front͒ rather than particle-particle collisions 3 and also the meanfree-path is much longer than the shock front thickness, typically a few collisionless skin depths of a few Larmor radii in magnetized plasmas. Plasma instabilities driven by particle streams are responsible for the excitation of these turbulent electromagnetic fields, and the Weibel instability 4 has received considerable interest as a possible robust mechanism for the production of sub-equipartition long-lived magnetic fields and energetic particles in GRBs, 5, 6 and pulsar winds. 7 However, the work by Gruzinov 8 puts the simulation results presented by Kazimura and co-workers 7 into question, claiming that the produced fields cannot survive far behind the shock. Previously, Arons and co-workers 9,10 also pointed out the role of the Weibel instability in the downstream region of relativistic magnetosonic shocks. PHYSICS OF PLASMAS VOLUME 10, NUMBER 5 MAY 2003 In this paper we analyze the dynamics of two colliding interpenetrating unmagnetized electron-positron plasma shells with zero net charge. This is the simplest model for these scenarios and for the formation region of a shock front, as well as a classic scenario unstable to electromagnetic and/or electrostatic plasma instabilities. Results from the simulation of the collision of electron shells with positron shells have already been presented elsewhere. 11 We will first present the analytical estimates for the Weibel growth rate in this scenario based on the relativistic kinetic theory model presented in Ref. 12 , and analyze the conditions for this instability to grow. Further analysis requires kinetic numerical simulations. To probe the full nonlinear dynamics and the saturated state of this system we use the fully relativistic particle-in-cell ͑PIC͒ code OSIRIS ͑Refs. 13,14͒ to perform the first three-dimensional kinetic simulations of the collision of two plasma shells, and to observe the three-dimensional features of the Weibel instability. We present the most important results from our simulations and their physical interpretation, namely, the temporal evolution of the energy distribution function of the plasma particles, the magnetic field energy and the spectral energy density of the magnetic field. We also present a comparison between three-dimensional and two-dimensional results pointing out the distinct features of the three-dimensional case. We will then conclude by discussing the key points raised by this work.
II. THEORETICAL ANALYSIS
In order to describe the growth rate of the Weibel instability, we will employ the relativistic kinetic theory model developed in Ref. 12 . Let us assume two plasma shells, consisting of electrons and positrons, with the same electron/ positron number density n e0 in each shell, moving with opposite bulk momenta along the x 1 direction, p 11 and p 12 , and with a thermal spread in the transverse momentum along the direction x3, p th 1 , and p th 2 , such that each species in the shell obeys a normalized zero-order distribution function,
where ⌰(x) is the step function, and the index i either describes the species moving in the positive x 1 direction (i ϭ1), or the species moving in the opposite direction (i ϭ2). For this waterbag distribution function, the dispersion relation for the purely transverse modes (k parallel to x 3 ) obeys 12 2 Ϫk
͑2͒
where we have normalized time to 1/ͱ2 pe0 , space to the collisionless skin depth of each electron-positron plasma shell c/ͱ2 pe0 , with the standard definitions u i ϭ␥ i ␤ i ϭp 1 i /m e c, u th i ϭ␥ i ␤ th i ϭp th i /m e c, ␥ i ϭͱ1ϩu i 2 ϩu th i 2 , supplemented by the definition,
ͪϭ͵ dp
calculated for the distribution function of Eq. ͑1͒. Within the limits where a waterbag distribution function is a reasonable approximation, these results are valid for all temperatures. For the sake of simplicity, we will consider the scenario where p 1 1 ϭ p 1 2 ϭ p 0 , and p th 1 ϭ p th 2 ϭ p th . Following Ref. 12 , and from Eq. ͑2͒, the dispersion relation is solved exactly for , and we can derive the maximum unstable wave number k c ,
where
The maximum growth rate of the instability, ⌫, is
Ϫ2ͱ͑k We can explore these scalings directly from Eqs. ͑4͒-͑7͒, that describe the most important features of the linear stage of the purely transverse Weibel instability of two counter-streaming electron-positron plasma shells with similar features. In Fig. 1 , we plot the maximum growth rate ⌫, Eq. ͑6͒, as a function of the bulk proper velocity, u 0 , of the plasma clouds, in order to illustrate the 1/ͱ␥ 0 dependence of the growth rate. As expected the instability is very fast, with ⌫ϳO(1). Furthermore, as observed in Ref. 12 , the transverse momentum spread can significantly alter, and even shutdown, the instability, as illustrated in Fig. 2 ; for high ␤ th , the instability is strongly suppressed. The instability threshold as a function of u 0 and ␤ th follows immediately from Eq. ͑4͒. In fact, only when k c 2 Ͼ0 the instability goes, which means that BϾA, or
for the instability to occur. For high u 0 , the threshold ␤ th is independent of u 0 and satisfies ␤ th max ϭ0.964 ͑see Fig. 2 , for u 0 ϭ100). We then observe that even for significant ␤ th the growth rate is still important, and the instability will be strong. It is also important to stress that in the opposing clouds scenario, the instability threshold ͑9͒ is more easily satisfied than in the scenario where one of the plasma clouds is stationary. 12 Therefore, for astrophysical scenarios with opposing clouds, the transverse momentum spread will not shutdown the instability. Moreover, and since the instability is so strong, what is crucial in astrophysical conditions is the saturated level of system. To address this scenario we have to rely on full scale three-dimensional kinetic simulations.
III. NUMERICAL MODEL
Numerical simulations were done using the OSIRIS framework, 13, 14 which consists of a three-dimensional, relativistic, massively parallel, object oriented particle-in-cell code, 9 and a visualization and data analysis software package. The simulations were performed on a x 1 ϫx 2 ϫx 3 ϭ200ϫ200ϫ100 grid, using a total of 64 million particles. Temporal and spatial scales in these simulations are normalized to the inverse electron plasma frequency pe Ϫ1 ϭ(4e 2 n e /m e ) 1/2 , and the collisionless skin depth e ϭc/ pe , where n e is the electron-positron shell density.
Charge and mass are normalized to the absolute electron charge e and the electron rest mass m e . In these normalized units the box size is 20.0ϫ20.0ϫ10.0 (c/ pe ) 3 , and simulations were run for 150 pe Ϫ1 , or ϳ3000 time steps, with periodic boundary conditions. A parametric scan of the grid resolution, time step and simulation box size was performed to ensure that these parameters were not affecting the simulation results. In all simulation runs energy is conserved down to 0.025%.
Our simulations were initialized with a charge-neutral electron-positron plasma shell moving with a bulk generalized momentum u 3 ϭ␥ 0 v 3 /c along the vertical (x 3 ) direction interpenetrating a similar plasma shell moving in the opposite direction with the same momentum u 3 ЈϭϪu 3 . ␥ 0 and v 3 are simply the relativistic Lorentz factor and velocity of the particles. Both these plasma shells fill the simulation box completely; we therefore have at time tϭ0 two groups ͑shells͒ of particles moving in opposite directions in the center of mass frame and occupying the entire simulation volume. The particles in both groups have a thermal spread with the rms generalized momentum u th ϭ␥ 0 v th Ӎ0.17. This system has no net charge or current and the initial electric and magnetic fields are set to zero. Simulations were performed for a subrelativistic scenario, u 3 ϭ0.6, ␥ 0 Ϸ1.17, v th Ϸ0.1 c. Simulations done in an ultrarelativistic regime yield similar results. A comparison between these two scenarios is presented elsewhere. 15 Note that because of the dimensionless units used in the simulations the results will also be valid for the collision of proton-antiproton shells. In related work, we have also performed simulations on the collision of electron-proton plasma shells 16 and observed a two-stage instability process with each stage evolving on the electron and proton collisionless time scales and following the pattern for the electron-positron plasma shells.
IV. RESULTS
In the beginning of the simulation the Weibel instability leads to a filamentation of particle species with equal sign currents. This can be understood through the following physical picture: any inhomogeneities in the current will generate corresponding inhomogeneities in the magnetic field; these will in turn reinforce the current inhomogeneities closing the instability feedback loop and generating a large number of current filaments with oppositely directed currents, that can be seen in Fig. 3͑a͒ . The generated magnetic field also presents a filamentary structure, as illustrated by Fig. 3͑b͒ . When the instability reaches the saturation stage (tϷ12 pe Ϫ1 ), the current filaments begin to interact with each other. Filaments with currents of the same polarity will attract each other and eventually merge. During this stage, initially randomly oriented filaments cross each other to form a more organized, large-scale quasiregular structure. After saturation (tտ30 pe Ϫ1 ) the spatial distribution of currents becomes quite regular, and the coalescence will continue at a much smaller rate. The end state of the simulation is that of large filaments of current with opposite polarity, separated by regions of intense magnetic field, as shown in Figs. 3͑c͒ and  3͑d͒ . One key result from these simulations is the level of electromagnetic field generated through plasma instabilities during the collision of two plasma shells as well as the saturated state of these fields. Figure 4 shows the temporal evolution of the total energy in the self generated electric and magnetic fields normalized to the initial total kinetic energy in the system (⑀ p ), ⑀ B ϭ͐ V B 2 /⑀ p and ⑀ E ϭ͐ V E 2 /⑀ p for both the subrelativistic and ultra-relativistic scenarios. In our normalized units the total kinetic energy in the system is simply ⑀ p ϭN sp ϫ(␥ 0 Ϫ1)ϫV, where N sp is the number of species in our system N sp ϭ4 and Vϭ20.0 2 ϫ10.0 (c/ pe ) 3 is the total simulation box volume. During the linear stage of the instability there is a rapid generation of a strong magnetic field that lies predominantly in the plane transverse to the propagation of the plasma shells (x1 -x2 plane͒ i.e., in the plane of the shock. The magnetic field energy density reaches ϳ15% of ⑀ p during this stage. The produced electric field, which is slightly larger in the direction of propagation of the plasma shells is significantly smaller than the magnetic field. After the linear stage the magnetic field decays rapidly ͑on the collisionless time scale pe Ϫ1 ) with no or very slow decay on a much longer time scale. Such long-lived magnetic fields associated with the Weibel instability have also been observed in laboratory experiments. 17 The final steady-state level of the magnetic field is still quite high, with a field energy of up to 0.75% of the initial total kinetic energy. This residual magnetic field is mostly perpendicular, i.e., the field components in the shock plane are dominant. The decrease in magnetic field from the peak saturation level to the final quasistatic value is related to the fact that when the filaments coalesce and form large- scale   FIG. 3 . ͑Color͒ Current filaments and magnetic field structure: Isosurfaces of mass density ͑a,c͒, for values of 10% above the initial background density, for particles with initial positive current along x3 (j 3 Ͼ0) ͑blue͒ and initial negative current along x3 (j 3 Ͻ0) ͑red͒; and also isosurfaces of magnetic field energy density ͑b,d͒ for values of 15% of the maximum energy density. Results ͑a,b͒ are shown slightly before saturation (t ϭ10.40 pe Ϫ1 ) and ͑c,d͒ in the quasistatic stage (tϭ100.88 pe Ϫ1 ).
FIG. 4.
Temporal evolution of the total field energy in B Ќ ϭͱB 1 2 ϩB 2 2 , B 3 , E 1 , E 2 , and E 3 normalized to the the initial total kinetic energy in the system (⑀ p ). patterns much current is annihilated and energy is transferred back to the particles. This strong decrease in the magnetic field energy is therefore associated with a topological change in the structure of currents and magnetic fields, as illustrated by Figs. 3͑a͒-3͑d͒ .
Another way to analyze the temporal evolution of the magnetic field structure is to look at the evolution of the magnetic field energy spectral distribution, shown in Fig. 5 . As we can see the instability grows from small scale structures, and leads to strong coalescence immediately after the end of the linear stage of the instability and to larger scale structures ͑i.e., smaller ͉k͉). After saturation (tտ30 pe Ϫ1 ) the filament coalescence continues, as indicated by the increase of the correlation scale, ϳk Ϫ1 , but at a much smaller rate. The spatial distribution of the currents is now quite regular, and the total magnetic field energy remains constant. Note that the residual magnetic field is highly inhomogeneous and presents the form of a collection of magnetic field ''bubbles.'' The amplitude of the field in these ''bubbles'' is close to equipartition.
Another important result from these simulations is the generation of a fast suprathermal tail in particle energy distribution function as a result of the collision of the two plasma shells. The topological evolution of the magnetic field is accompanied by strong heating and non-thermal particle acceleration, as illustrated in Fig. 6 . We have observed thermal ͑rms͒ momenta as high as the initial bulk momentum u 3 . In the initial stage of the instability, the plasma shells are slowed down and energy is transferred to the magnetic field. The instability saturates due to a combination of an increase in transverse energy spread ͑that limits the growth rate of the Weibel instability as we have shown above͒ and nearequipartition magnetic field generation. After saturation part of the energy stored in the magnetic field is transferred back to the plasma particles, which leads to strong heating and the generation of high energy tails in the distribution function, with energies up to 4ϫ(␥ 0 Ϫ1). The presence of these high energy particles is fundamental to provide the mildly relativistic particles to be injected in the accelerating structure of a shock that forms in the collision region. Comparison of Figs. 5 and 6 also shows that nonthermal particle acceleration and strong plasma heating are correlated with the topological evolution of the magnetic field when it evolves from smallscale to large-scale structures.
These simulations also show that the longitudinal electric field also plays an important role in the dynamics of the system. Unlike the purely transverse Weibel instability 12 the most unstable mode is a propagating electromagnetic mode rather than a quasistatic magnetic field. Therefore, damping of this mode is considerably different from what has been discussed by other authors for lower dimensional scenarios ͑for a discussion see Ref. 18͒. To better understand the difference between the system dynamics in two and three dimensions we performed several 2D runs using the same framework. The comparison of our 3D results with the 2D simulations clearly demonstrates that the 2D runs do not reproduce the overall evolution of the magnetic field. 2D simulations in a plane parallel to the plasma shells propagation direction lead to an underestimation of the magnetic field energy, while 2D runs in the shock plane suppress the excitation of waves along the propagation direction and therefore overestimate the magnetic field energy. Therefore, the smallscale tilted structure of the magnetic field is an intrinsic three-dimensional effect that cannot be reproduced in lower dimension simulations.
V. CONCLUSIONS
We presented in this paper the first self-consistent threedimensional simulations of the fields present in the collision of plasma shells in situations where the Weibel instability may develop. Our results show that in three dimensions this instability is able to generate subequipartition quasistatic long-lived magnetic fields on the collisionless temporal and spatial scales in the shock front region, in accordance to the predictions made by Refs. 5 and 6. After the linear stage of the instability we first observe a decay in the magnetic field energy ͑in accordance with the results presented in Ref. 8͒ , and the magnetic field energy stabilizes at a quasistatic value.
The obtained values of the equipartition parameter ⑀ B ϳ10
Ϫ2 agree well with the values inferred from GRB afterglows. 19 These fields maintain a strong saturated level FIG. 5 . ͑Color͒ Temporal evolution of the magnetic field energy spectral distribution, normalized to the peak spectral density.
FIG. 6. ͑Color͒ Temporal evolution of the energy distribution of plasma particles, normalized to the peak distribution density.
on time scales much longer than the collisionless time scale, until the end of the simulation. Furthermore, our results show that strong transverse temperature increase and nonthermal particle acceleration occur when the instability saturates and that the generated magnetic field evolves from small wavelengths to long wavelengths. Our results also indicate that the fields necessary for the formation of a shock in unmagnetized plasmas can be easily created via plasma instabilities of streaming plasmas. Therefore, these simulations open the way to the full three-dimensional PIC modeling of relativistic collisionless shocks, to be present elsewhere.
